Background Modeling is an essential tool for health technology assessment, and various techniques for conceptualizing and implementing such models have been described. Recently, a new method has been proposed-the discretely integrated condition event or DICE simulationthat enables frequently employed approaches to be specified using a common, simple structure that can be entirely contained and executed within widely available spreadsheet software. To assess if a DICE simulation provides equivalent results to an existing discrete event simulation, a comparison was undertaken. Methods A model of osteoporosis and its management programmed entirely in Visual Basic for Applications and made public by the National Institute for Health and Care Excellence (NICE) Decision Support Unit was downloaded and used to guide construction of its DICE version in Microsoft Excel Ò . The DICE model was then run using the same inputs and settings, and the results were compared. Results The DICE version produced results that are nearly identical to the original ones, with differences that would not affect the decision direction of the incremental costeffectiveness ratios (\1% discrepancy), despite the stochastic nature of the models. Limitation The main limitation of the simple DICE version is its slow execution speed. Conclusions DICE simulation did not alter the results and, thus, should provide a valid way to design and implement decision-analytic models without requiring specialized software or custom programming. Additional efforts need to be made to speed up execution.
Introduction
To inform health authorities who make decisions about funding new health care interventions, analysts often use health economic models [1] . These models are mathematical frameworks that relate the course of the illness to the use of the alternative interventions and other factors. By using such a model, the often limited clinical trial data can be extrapolated to longer periods of time, other populations, and different practices than those studied in the trials; moreover, aspects such as the expected costs and impact on quality of life can be incorporated. The models also allow for the quantification of uncertainty around the results. A recent task force proposed good practice guidelines for the conceptualization, construction, validation, and analyses of health economic models [2] .
There are several ways of classifying the methodological approaches to structuring a health economic model (see, for example [3, 4] ), but one simple distinction has to do with the methods used to simulate the population's course over time. One option is to define the states that people can be in and consider how the population distributes among those states at various time points [5] . This cohort method yields deterministic results and requires relatively few calculations, but it does not readily address heterogeneity in the determinants of the course (e.g., age, sex, genetic makeup) [6] , or competing risks [7] . Complex pathways (e.g., involving multiple treatment switches) are also cumbersome to implement in a cohort model [8] . The other major option is to simulate the population by separately considering what might happen to each individual explicitly [9] . The structure of a patient-level model, or micro-simulation, may be limited to states the person can be in or may focus on the events that occur (i.e., unconstrained discrete event simulation, DES [10] ). Either way, this individual-sampling approach addresses many of the shortcomings of the cohort method, but it yields stochastic results and is much more computationally intensive due to the need to run sufficient patients through the model to generate stable estimates [11] . A guidance on the development of patient-level models and their use for health technology assessment (HTA) has been published by the National Institute for Health and Care Excellence (NICE) [12] .
Recently, another alternative for designing and structuring health economic models-discretely integrated condition event (DICE) simulation-has been described [13] . This approach involves conceptualizing the problem in terms of the aspects that exist over time (''conditions''), those that occur at points in time (''events''), and their discrete integration in terms of the consequences of any one event or condition for the others. It turns out that all of the commonly used modeling techniques described above are encompassed by DICE. For example, Markov states can be thought of as conditions to which some restrictions are imposed (e.g., mutual exclusivity), and transitions are consequences of a recurring transition event. This model can be implemented in a spreadsheet, such as Microsoft (MS) Excel Ò , by tabulating the lists of conditions and events and specifying the consequences of each event in additional tables. The discrete integration can be accomplished via a simple macro (Fig. 1) that loops through the event tables and carries out the specified instructions. These are written as text expressions using appropriate worksheet functions and syntax, but without the equal sign that activates them.
As the DICE simulation approach has been delineated only recently, it was not considered in any of the various earlier modeling guidelines. There is, thus, interest in testing it to ensure that a model structured in this way yields results that are consistent with a more traditional approach. One way to accomplish this validation is to take an existing model and convert it to its DICE counterpart. The two versions can then be analyzed and various aspects compared, including the computation time. Of particular interest is the degree to which the results from the DICE version accord with those of the original. In this paper, such a validation is reported.
Methods
In 2014, the Decision Support Unit (DSU) of NICE produced a guidance on the development and use of patientlevel simulation for HTA [12] . As part of that work, several versions were prepared of a model that addressed the costeffectiveness of various osteoporosis treatments. In particular, that problem was modeled using a DES as well as an individual state-transition approach. Although somewhat simplified for didactic reasons, the problem presented sufficient complexity to illustrate the advantages and disadvantages of these techniques. The various models are clearly and extensively described in the comprehensive technical support document (TSD) [12] , and they can be downloaded from http://www.nicedsu.org.uk/Patientlevelsimulation-TSD(2892880).htm.
The DSU efforts provided a unique opportunity to validate DICE simulation. For this purpose, we downloaded the osteoporosis individual models programmed in
MS Excel
Ò from the DSU website (http://www.nicedsu. org.uk/TSD15_Excel_code.zip) and reformulated the DES (Excel_DSU_VBA_DES.xlsm) as a DICE model. The DES considered hip and vertebral fractures and death from either a hip fracture or other causes. Patient attributes were the history of fractures, current utility, and various times to events. The global variables included the costs of fracture and treatment, utility at baseline, utility multipliers post-fracture, the failure-time distributions (which determine time to hip fracture, vertebral fracture, or death), intervention effects, outcomes such as qualityadjusted life-years (QALYs), life-years (LYs), and discounting factors. The model simulates one patient at a time by first initializing the global variables, other than the total costs and QALYs, and then setting that patient's attributes. The next event is determined and processed in terms of its effect on costs, QALYs, and times of remaining events. Patient utility and history are also updated. This continues until the patient dies or the time horizon is reached; then the next patient is simulated. The process is repeated for each intervention (having stored the random number sequences to reduce nuisance variance). The entire model is coded in Visual Basic for Applications (VBA), and this code is specific to this particular model. The MS Excel Ò worksheets simply provide a place to store and display the results. Other versions in R, SIMUL8
Ò , and TreeAge Pro Ò were also produced to accompany the NICE TSD.
The DICE version of the model was created using the template DICEd4.xlsm, downloaded from http://www. evidera.com/DICE. It has six events; apart from ''Start'' and ''End'' (mandatory events in DICE), there are ''HipFract,'' ''VertebralFract,'' ''DeathHipFract,'' and ''Death.'' As there are no entities or attributes in a DICE, the ongoing information is stored in 22 conditions covering utilities, costs, event times, and random numbers. Twelve accumulator outputs are defined (LYs, QALYs, and four costs, together with their discounted counterparts) and four counters (death due to hip fracture, other death, age at death, and replication number). In the Start event, all required conditions and outputs are initialized, and the times of fracture and other death are sampled from their distributions. The model then determines the lowest event time and proceeds to execute the expressions in the corresponding table. The two fracture events have similar structures: both update the fracture history, utility, and age; record the time of the event; and accrue LYs, QALYs, and costs. In the vertebral fracture event, a time to the next vertebral fracture is sampled to allow a second vertebral fracture to occur (after which no further vertebral fractures are allowed), whereas in the hip fracture event, the probability of death following hip fracture is used to determine whether the hip fracture is fatal. In the Death event, whether from a hip fracture or other causes, only the age at death is recorded and the death is counted. In the End event, regardless of what has happened before, the final accrual of LYs, QALYs, and costs is tallied before the same patient is simulated using the next treatment (Fig. 2) .
The DICE model is entirely specified in a MS Excel Ò workbook, with a worksheet for conditions, one for events, and another for outputs. All of the expressions that operate the model are tabulated in the corresponding event tables. These are executed by a simple macro that loops through each table, row by row, inserting sequentially an ''='' in front of each expression to convert it into an active MS Excel Ò function. The macro can be viewed in the VBA module named ''DICEd'' of the template referred to above. This same macro will execute any DICE model specified in appropriate MS Excel Ò tables. Once the DICE version of the model was created, it was run with the same inputs as the DSU used in its analyses. A hypothetical treatment was compared to no intervention in 50,000 patients. In addition to examining the results, the running times were also compared. This was done once using the parameters from the original DSU model, and once using a different set of input parameters to ensure that the findings were not dependent on the exact specification of the original DSU model. This alternative parameterization is reported in more detail as it included a cost for the ''no treatment'' arm, making it possible to check that treatment costs were being appropriately handled in both treatment arms. The parameter sets for each scenario are given in Table 1 . Fig. 1 Loop that implements the discrete integration in Visual Basic for Applications (VBA)
Results
The DES implemented entirely in VBA by the DSU occupied 233 lines of code. The equivalent generic DICE macro is 70 lines of code. It took 11 h to carry out the conversion. This involved understanding the design of the model and restructuring it into events, conditions, and outputs. For 50,000 patients and two treatment strategies (osteoporosis treatment and no treatment), the DES in VBA takes 1.64 s; for an equivalent number of patients and treatment strategies, the basic DICE version takes 33 min.
For the original DSU parameterization, the absolute costs and QALY for each arm in DICE were within 1% of the values obtained by the DSU DES (Table 2) . Having confirmed that the results were similar for this scenario, the results were then compared for the alternative parameterization and also found to be within 1% of the values obtained by the DSU DES, except for the undiscounted LYs gained and the number of vertebral fractures prevented. The difference between the two models in undiscounted LYs was slightly more than 5% for each arm, but the incremental LYs are small, making any difference between the models appear greater in percentage terms. The absolute difference was less than 1.5 days.
Discussion
The results of the analyses carried out demonstrate that the DICE implementation yields equivalent results. In other words, formulating a model using the DICE specification does not alter the outcomes. This is important because DICE offers some distinct advantages. As the entire model is specified completely in the Excel tables, it is very transparent. Nothing specific to the model is in code and a reviewer does not need to learn new software; understanding spreadsheets and the way formulas are written in Excel is sufficient. By the same token, the macro that runs a DICE is unchanged from model to model: no programming is required, it need not be reverified, and a user or reviewer does not need to re-examine it. DICE models can be created very quickly, and modifications are a simple matter of inserting or deleting rows or editing the text expressions, with no need to reconnect formulas or rewrite code. This makes structural uncertainty analyses relatively simple. The DICE specification is also very flexible, allowing combination of state-transition and time-to-event components in a single model, thus allowing a modeler to leverage the best features of each approach as appropriate.
The most obvious limitation of the DICE approach, which was apparent during this validation exercise, was the extended model runtime. This occurs in the basic DICE Cost of osteoporosis treatment (per year) £500 £5000
Cost of no intervention (per year) 0 £100
Cost of a hip fracture (per event) £7000 £6000
Cost of a vertebral fracture (per event) £3000 £1500
DSU Decision Support Unit, SD standard deviation DES discrete event simulation, DICE discretely integrated condition event, ICER incremental cost-effectiveness ratio, LYG life-year gained, QALY quality-adjusted life-year, VBA Visual Basic for Applications a Incremental outcomes for treatment vs. no intervention with costs and QALYs discounted at 3.5% unless otherwise stated because of the interaction between the VBA code and the spreadsheet formulae. Each time this happens, Excel triggers the worksheets, slowing down execution. This can be much reduced by reading the conditions and event tables into memory and executing calculations there, thus minimizing the number of times the macro interacts with the worksheets. This preserves the generic nature of the macro and the transparent specification of the models, but can cut runtime substantially (to 14.3 min for the DSU model). A version of DICE that can achieve this (EviDICE) has been made freely available to HTA agencies and academic groups for non-commercial use. A faster version that uses a compiled macro should be available shortly.
One of the key advantages of implementing a model in DICE is that it provides a single template for implementing a variety of model structures. Once the modeling community has built up sufficient familiarity with the DICE framework, this should make models easier to develop and validate, as users will know where in the model to look to find particular information and model functionality. Various courses and workshops at major meetings have been held to increase familiarity with the methods. The availability of a standardized modeling framework which is freely available may also encourage a broader group of modelers to use a time-to-event (DES) modeling structure; previously many modelers have avoided using DES because of a lack of affordable bespoke simulation software or insufficient programming skills to implement one confidently in VBA or R [14] . Therefore, the availability of DICE may result in improved models in situations where a model could be built using a state-transition approach, but a DES approach is more parsimonious. One example of such a situation is when the Markov assumption does not hold, but other situations are described in the DSU's TSD on patient-level simulation [12] . Regardless of the model structure implemented, the developer needs to understand the DICE framework and correctly convert their conceptual model into a set of conditions and events with correct expressions to update the conditions dependent on the events.
Furthermore, the implementation of the model using MS Excel Ò formulae typed as text without equal signs may make validation and de-bugging more difficult. Whilst the results of the formulae inputted as text in a single cell can be checked by simply inserting the equal sign, this gives the value only under current conditions. In order to step through the model for de-bugging purposes, it is necessary to turn on the logging function which outputs to a text file every execution step taken by the macro, along with changes to condition levels, event times or outputs. This is a bit more complex than stepping through a model coded entirely in VBA, where tools such as the watch window or the locals window can be used to track the impact of each line of code on variables that are held within the VBA.
A limitation of the validation of DICE reported here is that whilst the model was built by one author (JM) and validated by a second author (SD), the validation did not include an exhaustive examination of the formulae and VBA code in the DICE model. Instead we relied on comparing results against a previously validated implementation of the DSU DES model coded using VBA. However, the fact that the results compare well when using both the original and an alternative parameter set is strongly supportive of the DICE and VBA model implementations being equivalent.
Conclusion
DICE simulation offers a means to design and implement a decision-analytic model without having to resort to specialized software or to engage in custom programming. The results are not distorted by the implementation, and the formulation is very transparent as the entire model is specified in simple tables. Speed of execution, however, remains a concern. Various educational initiatives are underway to help familiarize modelers with the method.
Data Availability Statement The original DSU model and the DICE version can be downloaded from the DSU website (http://www.nicedsu.org.uk/TSD15_Excel_code. zip), while the template used to build the DICE version can be downloaded from http://www.evidera.com/DICE.
